We investigate intermediate inflation in the framework of a Galileon scalar field. To this aim, we first obtain the inflationary observables, including the scalar spectral index, the tensor-to-scalar ratio, the running of the scalar spectral index, as well as the non-Gaussianity parameters. Then, Besides, we derive the consistency relation in the Galileon scenario, and find that it differs from the standard inflation. We also estimate the running of the scalar spectral index and find that it is in well agreement with the 95% CL constraint of the Planck 2015 results. Finally, we evaluate the local, equilateral, orthogonal, and enfolded non-Gaussianity parameters, and conclude that not only is the shape of non-Gaussianity approximately close to the equilateral one, but that it also satisfies the 68% CL bound from the Planck 2015 data.
I. INTRODUCTION
In [24, 66] , it was shown that the Galileon action derived by Deffayet et al. [48] is equivalent to that derived by Horndeski in 1974 [67] . Nowadays, the Horndeski theory is known as the most general scalar-tensor theory with second-order field equations, and it covers a wide range of gravitational theories, such as standard canonical inflation [6, 8] , non-minimally coupled models [68, 69] , non-canonical scalar field models [30, 70] , Galileon inflation [20] , Brans-Dicke theory [71] , field derivative couplings to gravity [72] and k-inflation [73, 74] .
In this work, we focus on the G-inflation with the Galileon term G(φ, X) φ ∝ X n φ [30, 31] and examine the viability of intermediate inflation in light of the Planck 2015 data [75] . This power-law Galileon interaction corresponds to the generalization of the original Galileon field theory, X φ, which was first proposed in the Minkowski spacetime [42] and extended later to the curved spacetime by Deffayet et al. [43, 44] . For the case n = 1, the coupling X φ has extensively studied in the literature [20] [21] [22] [23] [24] [25] [26] . Intermediate inflation is described with a scale factor in the form of a(t) ∝ exp[A(M pl t) λ ] where A > 0 and 0 < λ < 1. Note that in the standard scenario, intermediate inflation is driven by an inverse power-law potential [76] [77] [78] [79] [80] [81] [82] [83] and it is not consistent with the Planck 2015 data [84] [85] [86] [87] [88] . This motivates us to investigate whether the intermediate inflation in the Galileon setting can be resurrected in light of the Planck 2015 results.
The present paper is structured as follows. In Sec. II, we briefly review the Galileon inflationary scenario and obtain all the necessary equations describing the mechanism of inflation. In Secs. III, we apply the results of Sec. II for the intermediate inflation and
investigate the viability of this model with respect to the Planck 2015 data. Section IV is devoted to our concluding remarks.
II. INFLATION WITH THE GALILEON SCALAR FIELD
The Galileon inflation model is characterized by the following general action [20, 48] 
where
is the scalar field Lagrangian, g is the determinant of the metric g µν and R is the Ricci scalar. Throughout this paper, we work in units in which the reduced Planck mass is set equal to unity, i.e. M pl = (8πG) −1/2 = 1. Here, K(φ, X) and G(φ, X) are general functions of φ and the kinetic term X ≡ − 1 2 g µν φ ,µ φ ,ν . Note that the Galileon scalar filed Lagrangian (2) is nothing but the kinetic gravity braiding [89] . In [90] , it was shown that the kinetic gravity braiding is compatible with the recent observation of GW170817 detected by the LIGO-VIRGO Collaboration [91] . In [89] , the authors showed that for any form of functions K and G, Lagrangian (2) leads to the second-order field equations.
In the following, we review briefly the basic relations governing the theory of cosmological perturbation in the Galileon scenario. To this aim, we follow the approach of [27] in which we set P (φ, X) = K(φ, X), G 3 (φ, X) = G(φ, X), G 4 = 0 = G 5 to transform the results of [27] to our model. The power spectrum of the primordial scalar perturbation P s in the slow-roll limit reads [27] 
where P s is evaluated at the time of sound horizon exit, i.e. c s k = aH in which k is a comoving wavenumber. The recent value of the scalar perturbation amplitude at the horizon crossing has been reported by the Planck collaboration as ln [10 10 P s (k * )] = 3.094 ± 0.034 (Planck 2015 TT,TE,EE+lowP data) [75] , where k * = 0.05 Mpc −1 is the pivot scale.
In Eq. (3), the parameter q s and the scalar propagation speed squared c where 
Observational value of the scalar spectral index is n s = 0.9644 ± 0.0049 (68% CL, Planck 2015 TT,TE,EE+lowP data) [75] . Note that in the first approximation in Eq. (8), we have used the approximation d ln k ≈ Hdt. This is because of during slow-roll inflation, the Hubble parameter H and the sound speed c s vary much slower than the scale factor a of the universe [74] . Therefore, using the relation c s k = aH which is valid around the sound horizon exit, we can write d ln k ≈ Hdt.
The tensor power spectrum in the Galileon inflationary setting is given by [27] 
which is evaluated at the time of horizon crossing specified by k = aH. This time is not exactly the same as the time of sound horizon crossing for which c s k = aH, but to lowest order in the slow-roll parameters the difference is negligible [74] .
The tensor spectral index, n t , which determines the scale-dependence of the tensor power spectrum in the Galileon inflation takes the form [27] 
In the Galileon scenario, using Eqs. (3), (5), and (11), we can find the tensor-to-scalar ratio as
The Planck 2015 data sets an upper bound on the tensor-to-scalar ratio as r < 0.149 (95% CL, Planck 2015 TT,TE,EE+lowP data) [75] . Using Eqs. (7), (9) , (12) , and (13), the consistency relation between r and n t in the Galileon inflation is obtained as
which is different from the consistency relation r = −8n t in the standard inflation. Basically, the consistency relation can be used as a powerful tool to test different inflationary scenarios [92] . However, to this aim, a measurement of n t is required; if such information becomes available, it will probably easier to distinguish between different inflationary models via the r −n t plane. However, it is worth noting that unfortunately n t will be so difficult to measure, so we have to wait for future observations. If the standard consistency relation, r = −8 n t , could be ruled out, then it would imply a non-standard inflation model or a multiple field inflation model.
Note that in order to have a Galileon model free of ghosts and Laplacian instabilities, we require the following conditions, respectively [27] 
Another significant observable predicted by inflation, is the non-Gaussianity parameter which can be used as a strong tool to distinguish between various inflationary models [93] .
There are several different non-Gaussianities containing the local, equilateral, orthogonal, and enfolded shapes, that depend on the wave numbers k 1 , k 2 and k 3 , with the momentum triangle satisfying k 1 + k 2 + k 3 = 0. Note that the local and orthogonal shapes, respectively, arise in the multi-fields inflation [94, 95] and in the models with non-standard initial states [96, 97] . The equilateral non-Gaussianity is generated by the single field inflationary models with non-canonical kinetic term like the Galileon scalar field in our model [96, [98] [99] [100] . The local, equilateral, orthogonal and enfolded non-Gaussianity parameters are given by [28] 
where the quantities µ and Σ are given by Eqs. (3.11) and (3.12) in [28] with settings
Note that the enfolded shape (19) can also be expressed in terms of the equilateral and orthogonal ones as follows [33, 101] 
The Planck Collaboration [102] found f So far, we study the basic relations governing the general Galileon inflationary scenarios.
Hereafter, we focus on a particular case and investigate a concrete model. Let us consider the potential-driven inflation as [26, 27, 30, 31 ]
where V (φ) is the scalar field potential. Also from [30, 31] , we take the functional form of
where n > 0 is an integer constant. Also, M > 0 is constant and has a dimension of mass.
Note that the case n = 1 has been studied in [26, 27] .
For the G function (22) , from the fifth relation in Eq. (6) we have δ Gφ = 0. Then, the slow-roll parameter ε 1 in Eq. (9) can be written as
and we have used X =φ 2 /2 in the second equality.
Under the slow-roll approximation, the first Friedmann equation (4) in [27] , reduces to
which is the same as that obtained in the standard scenario. Taking the time derivative of Eq. (25), also using Eq. (23), the definition ε 1 in Eq. (9) and the first relation in Eq. (6), it follows that
From the third and fourth relations in Eq. (6) and using Eq. (22), it follows that δ GXX = (n − 1) δ GX . Also, with the help of Eq. (21) and the second relation in Eq. (6), we find δ XX = 0, and consequently the parameter q s given by Eq. (4) reduces to
Inserting Eqs. (7) and (27) into (5), it follows that
Note that from the first relation in Eq. (6), and using Eq. (21) and X =φ 2 /2, we have
2H 2 > 0. Therefore, to avoid the ghosts and Laplacian instabilities in our model, from Eqs. (27) and (28) Using Eqs. (25) and (26), one can find the slow-roll parameter δ X in Eq. (6) as
Using Eqs. (23) and (29), we have
Applying Eqs. (25) and (27), (28), (29) and (30), the power spectrum (3) can be obtained as
From n s − 1 ≃Ṗ s /(HP s ), and then by using Eqs. (25) , (26), (30) and (32) we can compute the scalar spectral index n s in our Galileon scenario as
Considering the definition (24) and using Eqs. (7) and (29), it is easy to get
From Eqs. (28) and (35), the tensor-to-scalar ratio (13) yields
For the Galileon model described by Eqs. (21) and (22), since K ,XX = K ,XXX = G ,φX = G ,φXX = 0, from the third and fourth relations in Eq. (6), the quantity µ which is given by Eq. (3.12) in [28] , can be written in the following form:
Using the second and fifth relations in Eq. (6), it is easy to show that δ Gφ = δ XX = 0; then, at first order in slow-roll parameters, one can find Σ given by Eq. (3.11) in [28] , as follows:
From Eq. (38) and using the third relation in Eq. (6), we find δ GXXX = (n − 1)(n − 2)δ GX .
Then, with the help of Eqs. (7), (28), (37) and (39), the definition (24) and the relation δ GXX = (n − 1)δ GX , the non-Gaussianities (17), (18) and (19) reduce to the following forms, respectively,
Also, the local non-Gaussianity f local NL is obtained by replacing Eq. (33) into (16) . From the definition (24) , and using Eqs. (12) and (23), one can obtain
Substituting Eq. (43) into (14), the consistency relation reads
Note that for the case n = 1, Eqs. (32), (33) and (36) are transformed to the corresponding results obtained in [26] .
It is also worth to mentioning that in the limit of
Eqs. (28), (32), (33), (36) , and (44) reduce to the well-known relations in the standard inflation. This is to be expected, because in the regime D ≪ 1, the standard kinetic term X appearing in the scalar field Lagrangian (2) dominates over the Galileon self-interaction term G(φ, X) φ ∝ X n φ. Therefore, our Galileon inflationary model described by Eqs.
(21) and (22) in the limit D ≪ 1 recovers the results of standard inflation.
A. Galileon inflation in the regime
Now, we turn to investigate our model in the regime, where the Galileon term 
Because we require thatφ > 0 to avoid the ghosts and Laplacian instabilities, we choose the positive sign in Eq. (45) . Then, inserting it into (24), we get
Taking the time derivative of Eq. (46) and using the definition ε 1 in Eq. (9), and also Eqs. (25), (31), (34) and the relation 3 Hφ D + V ,φ ≃ 0, we finḋ
Finally, in the regime D ≫ 1, the power spectrum of scalar perturbations (32), the scalar spectral index (33), the tensor-to-scalar ratio (36), the non-Gaussianity parameters (40) , (41), (42) , and the consistency relation (44) take the following forms:
n s − 1 = 1 + 1 2n
where we have used Eq. (47) in deriving Eq. (49) . Note that for n ≫ 1, Eq. (51) reduces to
n, which is same as the result obtained in [30] . Besides, in the limit D ≫ 1,
which shows that c 2 s is positive. Note that the condition c 2 s > 0 is needed to avoid Laplacian instability of scalar perturbations in our model.
III. INTERMEDIATE INFLATION DRIVEN BY A GALILEON SCALAR FIELD
In [84] [85] [86] [87] [88] , it was shown that in the framework of standard inflationary scenario, the Intermediate inflation is characterized by the following scale factor [76] [77] [78] [79] [80] [81] [82] [83] :
where A > 0 and 0 < λ < 1. The potential driving the intermediate inflation in the standard inflation model has an inverse power-law form as V (φ) ∝ φ −p , where p = 4(1 − λ)/λ. For the scale factor (56), the Hubble parameter, H, takes the form
Inserting Eq. (57) into (24), we get
Using Eqs. (25) and (57), the power spectrum (32) takes the form
Also, the slow-roll parameters (30) and (34) read
With the help of Eqs. (57), (58) and (60), one can rewrite the scalar spectral index (33) and the tensor-to-scalar ratio (36) as
and
Using the approximation d ln k ≈ Hdt and Eq. (57); from Eq. (61), one can obtain the running of the scalar spectral index as
The running of the spectral index measured by the Planck team is about dn s /d ln k = −0.0085 ± 0.0076 (68% CL, Planck 2015 TT,TE,EE+lowP data) [75] .
In the next step, we need to obtainφ,φ, and ... φ in terms of t. To this end, using Eqs.
(57) and (58), we first rewrite Eq. (26) in the following form:
Then, taking the first and second time derivatives of Eq. (68), we geẗ
...
Note that to evaluate the inflationary observables, it is convenient to replace the cosmic time, t, by the e-fold number, N, which describes the amount of inflation. It is defined as
where a e is the scale factor at the end of inflation. This definition is equivalent to
The number of e-folds at the moment of horizon crossing is around N * ≈ 50 − 60, before the end of inflation [103, 104] . It should be noted that inflation with the intermediate scale factor (56) suffers from the graceful exit problem in which inflation cannot end by slow-roll violation. To overcome this problem, we follow the approach of [17] and introduce an extra parameter t e which refers to time in which an unspecified reheating process is triggered to stop inflation. In this way, with the help of Eqs. (57), we can solve the differential equation (73) for the intermediate scale factor (56) and get
where we have used the initial condition .
Integrating Eq. (75), we find
where we have set the constant of integration to be zero, without loss of generality. Substituting t from Eq. (76) into (57), we obtain
Finally, by replacing Eq. (77) into the first Friedmann equation (25), the form of the inflationary potential in the slow-roll approximation reads
We see that in the Galileon scenario with the functional form of G(φ, X) as Eq. (22) Using Eqs. (25), (57), (58) , and (75), the scalar power spectrum (48) turns into
Substituting t from Eq. (74) into (81), the power spectrum of the scalar perturbations can be rewritten as
Also, using Eqs. (58) and (60), with the help of Eq. (75), the scalar spectral index n s (49) and the tensor-to-scalar ratio r (50) can be obtained in terms of t and the model parameters
Applying the approximation d ln k ≈ Hdt and Eq. (57), from Eq. (83) we can find the running of the scalar spectral index dn s /d ln k as
Now, by replacing Eq. (74) in Eqs. (83)- (85), we get (1 − λ)
From Eq. (86), we find that the parameter λ should be in the range of 0 < λ < 2/3, because for 2/3 < λ < 1, the blue-tilted spectrum of curvature perturbations (n s > 1) is produced, which is at odds with the prediction from the Planck 2015 data [75] . The case λ = 2/3 corresponds to the scale-invariant or Harrison-Zel'dovich spectrum (n s = 1), which is also inconsistent with the Planck 2015 observations [75] . Now, by fixing Eq. (82) at horizon crossing e-fold number N * as P s * ≡ P s N =N * = 2.207 × 10 −9 (68% CL, Planck 2015 TT,TE,EE+lowP data) [75] , we find an analytical expression for t e in terms of N * and the other model parameters as
Finally, substituting Eq. (89) into Eqs. (86)- (88), one can rewrite n s , r and dn s /d ln k in the following forms:
As we see, in the limit D ≫ 1, the inflationary observables n s , r, and dn s /d ln k are independent of the mass parameter M and the e-fold number N * . Therefore, we can combine Eqs. (90) and (91) to reach the following linear relation r = 64 3
Note that to satisfy the Planck constraints on different non-Gaussianity parameters, from
Eqs. (51), (52) and (53), the range of parameter n should be limited as n ≤ 212. Using
Eq. (55), we also obtain c s 0.06. Now from Eqs. (90), (91) In Table I , using the Planck observational constraints on r − n s plane and with the help of Eqs. (90) and (91), we present the ranges of parameter A for which the model for n = 23
and some typical values of λ, in the limit D ≫ 1 is in agreement with the Planck 2015 data.
In addition, we evaluate the running of the scalar spectral index dn s /d ln k with the help of Eq. (92) . Table I shows that the values of dn s /d ln k predicted by our model are consistent with the 95% CL constraint of Planck 2015 TT,TE,EE+lowP data [75] .
It is useful to find the parameter space of A and λ for which our model in the limit D ≫ 1 is consistent with the Planck 2015 data. This parameter space is illustrated in Fig. 2, for some specified values of n. The darker and lighter blue areas specify the parameter space for which our model is consistent with the Planck 2015 TT,TE,EE+lowP data [75] at 68% and 95% CL, respectively. To draw this diagram, we have employed a computational code that calculates n s and r by using Eqs. (90) and (91) the standard canonical inflation [82, 83] , non-canonical scalar field model [84] , f (T )-gravity [85, 105] , and DBI scenario [88] .
Furthermore, in Table II , by using Eqs. We have also presented the r − n s consistency for each case in the last column of Table II , which is in agreement with that illustrated in Fig. 2 . The results are presented in the columns 6-9 and imply that the shape of non-Gaussianities is close to the equilateral one, and is in agreement with [30] . Substituting Eq. (58) into Eqs. (40), (41), (42), (59), (61), (62) and (63), we find the relations P s = P s t,φ, n, M, A, λ , n s = n s t,φ,φ, n, M, A, λ ,
Then, substituting n s = n s (t,φ,φ, n, M, A, λ) from Eq. (94) in Eq. (16), we can also find
Now, for a given set of model parameters (n, M, A, λ , we solve Eq. (68) numerically to findφ =φ(t, n, M, A, λ , and consequently from Eqs. (70) and (71), we obtainφ = φ(t, n, M, A, λ and ... φ = ... φ (t, n, M, A, λ , respectively. Our numerical results show that the conditionφ > 0 is satisfied in our model, which is necessary to avoid ghosts and Laplacian instabilities.
Usingφ,φ, and ... φ in terms of t and the model parameters (n, M, A, λ in Eqs. (94) and (95), we obtain the inflationary observables as
where O stands for P s , n s , r,
and f enfold NL
. Now, by replacing t from Eq. (74) into Eq. (96), it reads
To find the parameter t e in terms of the other model parameters, we fix the amplitude of scalar perturbations P s = P s t e , N, n, M, A, λ at the epoch of horizon crossing with the efold number N * as P s * ≡ P s N =N * = 2.207 × 10 −9 (68% CL, Planck 2015 TT,TE,EE+lowP data) [75] . Interestingly enough, our numerical analysis implies that like the case M → 0, for the general values of M, the inflationary observables are independent of the e-fold number N * at all. Therefore, the inflationary observables n s , r, In Fig. 4 , with the help of Eqs. (28) and (58), we plot the variation of the scalar propagation speed squared c regime D ≫ 1 (or M → 0); (ii) in the limit of large M/M pl , the ratio −r/(8n t ) approaches the standard consistency relation i.e., −r/(8n t ) = 1, as expected.
In Table III Table III , using Eqs. (58) , and (63), we also present the predictions of the model for the running of the scalar spectral index dn s /d ln k which is consistent with the 95% CL constraint of the Planck 2015 TT,TE,EE+lowP data [75] . Furthermore, with the help of Eqs. (58) and (61), from Eqs. (16), (40), (41) , and (42) we estimate the local, equilateral, orthogonal and enfolded non-Gaussianity parameters, respectively. The results are presented in Table IV and reflect the fact that in our Galileon framework the shape of non-Gaussianity is approximately close to the equilateral one. This result is in agreement with [30] . The estimated values of f equil NL are in well agreement with the 68% CL constraint of the Planck 2015 TT,TE,EE+lowP data [102] . 
IV. CONCLUSIONS
Here, we investigated intermediate inflation within the framework of Galileon scalar field described by the Lagrangian (2) with the Galileon term G(φ, X) φ =
φ, where n > 0 and M > 0 are integer constant and mass scale parameter, respectively. Using the scalar and tensor power spectrum, we first obtained the fundamental relations governing the inflationary observables including the scalar spectral index n s , the tensor-to-scalar ratio r, the running of the scalar spectral index dn s /d ln k, and the non-Gaussianity parameters. We first showed that in the limit M → ∞, our Galileon intermediate model recovers the results of standard inflation. Then, we turned to study the regime M → 0 in which the Galileon self-interaction term G(φ, X) φ dominates over the standard kinetic term X. In this limit, we obtained analytical relations for the inflationary observables and found the following results:
• The scalar propagation speed, c s , only depends on n.
• The shape of non-Gaussianity is approximated close to the equilateral type. Also, taking into account the Planck 2015 observational constraint on different non-Gaussianity parameters, the parameter n is bounded as n ≤ 212 (or c s 0.06).
• The Galileon intermediate inflation like the standard intermediate model is described by an inverse power-law potential.
• The predictions of the Galileon intermediate model in the r−n s plane, for some typical values of n and λ, can lie inside the allowed regions of Planck 2015 TT,TE,EE+lowP data [75] . For instance, for n = 23, if λ 0.304 (λ 0.562) the results of the model can enter the 68% CL (95% CL) region allowed by Planck 2015 data (see Fig. 1 ).
• We also determined the parameter space of A and λ for some typical values of n, for which our model is compatible with the Planck 2015 observations (see Fig. 2 ).
In the regime with general values of M, we used a numerical approach to evaluate the inflationary observables. Our numerical results are summarized as follows:
• We concluded that as the value of the mass parameter M decreases, the model can be consistent with the observations deduced from the Planck 2015.
• We found that in the limit of small M/M pl , both the scalar propagation speed squared c 2 s and the ratio −r/(8n t ), respectively, tend toward 2/(3n) and Our results showed that the shape of non-Gaussianities is close to the equilateral one and it satisfies the 68% CL constraint of the Planck 2015 data.
